N-methyl-D-Aspartate Receptors Contribute to Complex Spike Signaling in Cerebellar Purkinje Cells: An In vivo Study in Mice by Heng Liu et al.
fncel-10-00172 June 29, 2016 Time: 17:54 # 1
ORIGINAL RESEARCH















†These authors have contributed
equally to this work.
Received: 31 May 2016
Accepted: 16 June 2016
Published: 30 June 2016
Citation:
Liu H, Lan Y, Bing Y -H, Chu C-P
and Qiu D -L (2016)
N-methyl-D-Aspartate Receptors
Contribute to Complex Spike
Signaling in Cerebellar Purkinje Cells:
An In vivo Study in Mice.
Front. Cell. Neurosci. 10:172.
doi: 10.3389/fncel.2016.00172
N-methyl-D-Aspartate Receptors
Contribute to Complex Spike
Signaling in Cerebellar Purkinje
Cells: An In vivo Study in Mice
Heng Liu1,2†, Yan Lan1,2†, Yan-Hua Bing1,2, Chun-Ping Chu1* and De-Lai Qiu1,2,3*
1 Cellular Function Research Center, Yanbian University, Yanji, China, 2 Department of Physiology and Pathophysiology,
College of Medicine, Yanbian University, Yanji, China, 3 Key Laboratory of Natural Resource of the Changbai Mountain and
Functional Molecular of the Ministry of Education, Yanbian University, Yanji, China
N-methyl-D-aspartate receptors (NMDARs) are post-synaptically expressed at climbing
fiber-Purkinje cell (CF-PC) synapses in cerebellar cortex in adult mice and contributed
to CF-PC synaptic transmission under in vitro conditions. In this study, we investigated
the role of NMDARs at CF-PC synapses during the spontaneous complex spike (CS)
activity in cerebellar cortex in urethane-anesthetized mice, by in vivo whole-cell recording
technique and pharmacological methods. Under current-clamp conditions, cerebellar
surface application of NMDA (50 µM) induced an increase in the CS-evoked pause of
simple spike (SS) firing accompanied with a decrease in the SS firing rate. Under voltage-
clamp conditions, application of NMDA enhanced the waveform of CS-evoked inward
currents, which expressed increases in the area under curve (AUC) and spikelet number
of spontaneous CS. NMDA increased the AUC of spontaneous CS in a concentration-
dependent manner. The EC50 of NMDA for increasing AUC of spontaneous CS
was 33.4 µM. Moreover, NMDA significantly increased the amplitude, half-width and
decay time of CS-evoked after-hyperpolarization (AHP) currents. Blockade of NMDARs
with D-(-)-2-amino-5-phosphonopentanoic acid (D-APV, 250 µM) decreased the AUC,
spikelet number, and amplitude of AHP currents. In addition, the NMDA-induced
enhancement of CS activity could not be observed after α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors were blocked. The results indicated that NMDARs of
CF-PC synapses contributed to the spontaneous CS activity by enhancing CS-evoked
inward currents and AHP currents.
Keywords: N-methyl-D-aspartate (NMDA), cerebellar purkinje cell, in vivo whole-cell patch-clamp recording,
complex spike (CS), after-hyperpolarization (AHP)
INTRODUCTION
N-Methyl-D-aspartate receptors (NMDARs) are widely expressed in the central nervous system,
which play important roles in synaptic transmission and synaptic plasticity in adult cerebellar
cortex (Dingledine et al., 1999; Cull-Candy et al., 2001). There are three main subunits of
NMDA receptor have been identified, NMDAR1, NMDAR2, and NMDAR3 (Cull-Candy et al.,
2001; Neyton and Paoletti, 2006). Earlier studies have illustrated that cerebellar Purkinje cells
(PCs) in immature rodents express NMDAR1 and NMDAR2 (Dupont et al., 1987; Rosenmund
et al., 1992; Cull-Candy et al., 1998), and electrophysiological recordings have concluded
Frontiers in Cellular Neuroscience | www.frontiersin.org 1 June 2016 | Volume 10 | Article 172
fncel-10-00172 June 29, 2016 Time: 17:54 # 2
Liu et al. NMDARs Modulate CS Signaling In vivo
that functional NMDA receptors no longer express after the first
postnatal week (Konnerth et al., 1990; Llano et al., 1991; Farrant
et al., 1994). however, NMDAR1 and NMDAR2 subunits have
been later found in PCs of adult mice (Nakagawa et al., 1996;
Hafidi and Hillman, 1997; Thomson, 2000), and NMDA evokes
responses have been recorded in cerebellar PCs of the adult rat
and mouse under in vitro conditions (Dupont et al., 1987; Billard
and Pumain, 1989). Moreover, we recently found that cerebellar
surface application of NMDA failed to excite PCs but increased
spike firing of molecular layer interneurons (MLIs), resulting in
an inhibition in spontaneous SS firing rate of PCs in vivo in mice
(Liu et al., 2014).
Cerebellar cortical PCs receive information via the mossy
fiber-parallel fiber (MF-PF) and the climbing fiber (CF) pathways.
Activation of the CF evokes a powerful and infrequent all-
or none complex spikes (CSs), consisting of a brief burst of
ordinary action potentials and Ca2+-dependent dendritic spikes
(Eccles et al., 1966), which plays a central role in behaviors by
generating excitatory post-synaptic potentials (EPSPs) to PCs
(Simpson et al., 1996). CS is thought to represent a critical signal
for the operation of the cerebellar cortex, conveying both timing
information (Welsh and Llinás, 1996) and triggering synaptic
plasticity (Gilbert and Thach, 1977; Hansel et al., 2001; Ito, 2001).
Under in vivo conditions, CF discharge can control the frequency
and pattern of PC spike output by punctuating tonic activity with
a variable duration pauses, slow the frequency of simple spike (SS)
discharge (Ebner and Bloedel, 1981; Ebner et al., 1983; Barmack
and Yakhnitsa, 2003; Cerminara and Rawson, 2004).
N-methyl-D-aspartate receptors have been suggested that
contributed less to CF activation-mediate inward currents (Otis
et al., 1997; Auger and Attwell, 2000). However, NMDARs were
post-synaptically expressed at CF-PC synapses and contributed
to the waveform of the CF stimulation-induced CS in cerebellar
slices of adult mice (Piochon et al., 2007). The NMDARs-
mediated CF-PC synaptic transmission develops with maturation
of PCs, which is hardly detectable before postnatal day 21,
and reach full expression levels at 8 weeks after birth (Piochon
et al., 2007; Renzi et al., 2007). Using NMDAR2D-/-mice, it
has been found NMDARs-mediated excitatory post-synaptic
currents (EPSCs) could be evoked by CF stimulation via
activation of NMDAR2A subunit (Renzi et al., 2007). In addition,
the functional NMDARs in PCs of 2–3-months-old rats have also
been demonstrated in contribution of CF-evoked EPSCs (Bidoret
et al., 2009).
Collectively, NMDARs are post-synaptically expressed at CF-
PC synapses and contributed to the waveform of the CF
stimulation-induced CS under in vitro conditions. However, the
role of CF-PC NMDARs in intact cerebellar cortex of living
mouse is currently unclear.
MATERIALS AND METHODS
Anesthesia and Surgical Procedures
The anesthesia and surgical procedures have been described
previously (Chu et al., 2011a,b). In brief, the experimental
procedures were approved by the Animal Care and Use
Committee of Jilin University and were in accordance with
the animal welfare guidelines of the U.S. National Institutes
of Health. The permit number is SYXK (Ji) 2007-0011. Thirty
nine adult (6–8-weeks-old) HA/ICR mice were anesthetized with
urethane (1.3 g/kg body weight i.p.), and each mouse only
recorded one PC in this study (six mice failed to obtain whole-
cell recordings of PCs). A watertight chamber was created and
a 1–1.5 mm craniotomy was drilled to expose the cerebellar
surface corresponding to Vermis VI–VII. The brain surface was
constantly superfused with oxygenated artificial cerebrospinal
fluid (ACSF: 125 mM NaCl, 3 mM KCl, 1 mM MgSO4,
2 mM CaCl2, 1 mM NaH2PO4, 25 mM NaHCO3, and 10 mM
D-glucose) with a peristaltic pump (Gilson Minipulse 3; Villiers,
Le Bel, France) at 0.4 ml/min. Rectal temperature was monitored
and maintained at 37.0 ± 0.2◦C using body temperature
equipment.
Electrophysiological Recording and Drug
Application
In vivo cell-attached and whole-cell patch-clamp recordings
from PCs were performed with an Axopatch-200B amplifier
(Molecular Devices, Foster City, CA, USA). The signals of
PC whole-cell recordings were acquired through a Digidata
1440 series analog-to-digital interface on a personal computer
using Clampex 10.3 software. Patch pipettes were made with
a puller (PB-10; Narishige, Tokyo, Japan) from thick-wall
borosilicate glass (GD-1.5; Narishige). Patch electrodes (4–
6 M) contained a solution of the following composition
(in mM): potassium gluconate 120, HEPES 10, EGTA 1, KCl
5, MgCl2 3.5, NaCl 4, biocytin 8, Na2ATP 4, and Na2GTP
0.2 (pH 7.3 with KOH, osmolarity adjusted to 300 mOsm).
The whole-cell recordings from PCs were performed at depths
150–200 µm under pia mater membrane, and identified by
regular spontaneous SS accompanied with irregular CS, and
confirmed by biocytinhistochemistry (Chu et al., 2011a). The
series resistances were in a range of 10–40 M, compensated
by 80%. Membrane voltage and current were filtered at 2 kHz,
digitized at 20 kHz. The reagents included N-methyl-D-aspartate
(NMDA), D-(-)-2-amino-5-phosphonopentanoic acid (D-APV),
SR95531, hydrobromide (6-imino-3-(4-methoxyphenyl)-1(6H)-
pyridazinebutanoic acid hydrobromide) and NBQX (2,3-dioxo-
6-nitro-1,2,3,4-tetrahydrobenzo[f] quinoxaline-7- sulfonamide)
were purchased from Sigma-Aldrich (Shanghai, China). The
drugs were dissolved in ACSF, and applied directly onto the
cerebellar surface for 5 min by a peristaltic pump (0.5 ml/min).
Histochemistry
After the experiments, the whole brain was removed and
fixed in 4% paraformaldehyde in 0.1 PBS (pH 7.4) at 4◦C
for 24 h. Slices were cut in the sagittal plane at 200 µm
using a vibratome (NVSLM1, Campden Instruments LTD,
Loughborough, England), and washed with PBS. The tissue
was reacted overnight with an avidin-biotin complex (ABC
Elite kit; Vector Laboratories, Burlingame, CA, USA) at 4◦C.
Finally, biocytin binding was visualized by 3,3′-diaminobenzidine
tetrahydrochloride histochemistry.
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Data Analysis
The electrophysiological data were analyzed using Clampfit 10.3
software. Spontaneous activities of SS and CS were calculated
from a train of interspike intervals recorded for 100 s of baseline,
in the presence of drugs and washout (20 min). All the data
were normalized with baseline and used for analyses. Values
are expressed as the mean ± SEM. Student’s paired t-test and
one-way ANOVA (SPSS software; Chicago, IL, USA) were used
to determine the level of statistical significance between groups
of data. P-values below 0.05 were considered to indicate a
statistically significant difference between experimental groups.
RESULTS
Effects of NMDA on CS Activity of the
Cerebellar PCs
Under cell-attached recording conditions, PCs were identified
by regular SS firing and the presence of irregular CS (Ito, 1984;
Chu et al., 2011b). These PCs exhibited irregular CS firing at
mean rates of 0.9 ± 0.3 Hz (n = 8) recorded in cerebellar
cortex Vermis VII. The highest and lowest rates of CS firing
were 1.9 and 0.1 Hz, respectively. Consistent with our previous
study (Liu et al., 2014), cerebellar surface perfusion of 50 µM
NMDA for 5 min induced depression in the frequency of SS
firing rate of PCs (Figure 1A), the normalized SS firing rate
was 44.2 ± 4.8% of baseline (100.0 ± 3.2%; n = 8; P < 0.001;
Figure 1B). However, NMDA induced a significant increase in
pause of SS firing (Figures 1A,C), the normalized pause of SS
firing was 253.4 ± 9.5% of baseline (100.0 ± 3.2%; n = 8;
P < 0.001; Figure 1C). The effect of NMDA on SS firing rate
of PCs was recovered after washout for 20 min. These results
suggested that extracellular application of NMDA modulated CS
activity of the PCs.
For understand the effect of NMDA on CS-evoked membrane
currents of PCs, we further performed in vivo whole-cell patch-
clamp recording in a total 25 cerebellar PCs. Under voltage-clamp
recording conditions (Vhold = −70 mV), the spontaneous CS
expressed strong inward currents with high frequency spiklets,
followed by outward currents (Figures 2A,F). The mean value
of outward currents was 107.4 ± 4.7 pA (n = 25; not shown).
The number of spikelets was 2–5 and the mean frequency of
them was 406 ± 6.5 Hz (n = 25; not shown). Cerebellar surface
perfusion of NMDA (50 µM) did not significantly change the
frequency (Figures 2A,B) and peak amplitude (Figures 2A,C) of
spontaneous CS, but increased the area under curve (AUC) of
CS-evoked inward currents by 151.6 ± 6.9% of baseline (ACSF:
100.0 ± 5.5%; n = 8; P < 0.05; Figures 2A,D). NMDA also
significantly increased number of spikelets to 115.6 ± 5.2% of
baseline (ACSF: 100.0 ± 3.9%; n = 8; P < 0.05; Figures 2A,E).
NMDA increased the AUC of CS in a concentration-dependent
manner (Figure 3). AUC of CS was significantly increased by
8.9 ± 5.1% of control (ACSF) with 5 µM NMDA (n = 6;
Figure 3), and the 50% effective concentration (EC50) was
33.4 µM. AUC of CS was significantly (P < 0.001) increased
by 64.1 ± 6.7% of baseline with 200 µM NMDA (n = 5;
FIGURE 1 | Effects of NMDA on the spontaneous SS and CS of
cerebellar PCs. (A) Representative traces showing that the spontaneous
activity from of a PC in treatments: ACSF, NMDA (50 µM) with overlapped
trace of ACSF, and washout. Arrows indicated CS. (B) Summary of data
showing the normalized SS firing rate of each treatment. (C) Bar graph
showing the normalized pause of SS in ACSF, NMDA and washout.
∗P < 0.05; n = 8.
Figure 3). Consistent with previous studies (Piochon et al., 2007,
2010; Renzi et al., 2007), our results indicated that extracellular
application of NMDA dose-dependently enhanced the strength
of CS activity in vivo in mice.
NMDA Enhanced CS-Evoked
After-Hyperpolarzation (AHP) Currents
The CS evoked outward currents have been identified as AHP
currents, which have been assumed to be critical for regulation
of the frequency and pattern of PC SS output (McKay et al.,
2007), we therefore examined that effect of NMDA on properties
of AHP currents. As shown in Figure 4, application of NMDA
significantly affected the waveforms of the spontaneous CS firing.
In the presence of NMDA (50 µM), the normalized amplitude of
AHP currents was increased to 126.9 ± 5.9% of baseline (ACSF:
100.0 ± 5.1%; n = 8; P < 0.05; Figures 4A,B). The normalized
half-width of AHP currents was increased to 116.4 ± 6.1% of
baseline (ACSF: 100.0 ± 4.4%; n = 8; P < 0.05; Figures 4A,C).
In addition, NMDA significantly decreased the rise time of AHP
currents to 86.3 ± 6.1% of baseline (ACSF: 100.0 ± 4.8%; n = 8;
P < 0.05; Figures 4A,D). However, the normalized decay time
of AHP currents was significantly increased to 122.1 ± 6.3% of
baseline (ACSF: 100.0 ± 5.6%; n = 8; P < 0.05; Figures 4A,E).
These results indicated that NMDA enhanced the amplitude and
the dynamic properties of AHP currents in vivo in mice.
Blockade of NMDA Receptor Attenuated
the Activity of Spontaneous CS
We further used an NMDA antagonist, D-APV (250 µM)
to determine whether the functional NMDARs were activated
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FIGURE 2 | Effects of NMDA on waveform properties of inward
currents evoked by spontaneous CS. (A) Representative traces showing
the properties of CS-evoked inward currents of PC in ACSF, NMDA (50 µM;
blue) with overlapped trace of ACSF (black), and washout. (B) Pooled data
showing the normalized frequency of spontaneous CS. (C) Summary of data
shows the effects of NMDA on the normalized peak amplitude of CS. (D,E)
Bar graphs show the normalized AUC (D) and spikelet number (E) of CS in
ACSF, NMDA and washout. (F) Microphotograph showing the recorded PC
filled with biocytin. ∗P < 0.05; n = 8.
during the spontaneous CS spike firing in living mouse. In
the presence of D-APV, the normalized pause of SS firing was
decreased to 82.1 ± 5.1% of baseline (100.0 ± 4.7%; n = 6;
P < 0.001; Figure 5B), and the normalized number of spikelets
was decreased to 86.4 ± 6.3% of baseline (ACSF: 100.0 ± 4.6%;
n = 6; P < 0.05; Figures 5A,C). Moreover, D-APV induced
a significant decrease in the AUC of CS-evoked excitatory
potentials to 74.6 ± 7.1% of baseline (ACSF: 100.0 ± 4.6%;
n= 6; P< 0.05; Figures 5A,D), and the normalized amplitude of
AHP potential was decreased to 85.1 ± 6.7% of baseline (ACSF:
100.0 ± 5.8%; n = 6; P < 0.05; Figures 5A,E). These results
FIGURE 3 | N-methyl-D-aspartate receptor (NMDA)-induced increase
in AUC of CS is in a dose-dependent manner. Bath application of NMDA
enhanced the AUC of CS in a dose-dependent manner (IC50 = 33.4 µM).The
number of the recorded PCs tested for each concentration is indicated near
the bars.
indicated that blockade of CF-PC synaptic NMDA receptor
attenuated the strength of spontaneous CS activity in living
mice.
Blockade AMPA Receptors Abolished
Spontaneous CS Firing and NMDARs
Activity
For understanding the functional relationships between NMD-
ARs and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs) during the spontaneous CS activity,
we employed AMPARs antagonist, NBQX. In these experiments,
we also used GABAA receptor antagonist, gabazine (SR95531,
20 µM) to prevent inhibitory effects of MLIs. In the presence of
gabazine, NBQX (50 µM) completely blocked the spontaneous
CS activity (Figure 6A). The normalized frequency of CS
(0 ± 0%) was significant lower that in control conditions (ACSF:
100.0 ± 7.1%; n = 6; P < 0.05 vs. control; Figures 6A,B).
Additional application of NMDA could not restored the
CS activity (Figures 6A,B). These results indicated that the
spontaneous activity of CS was mediated predominantly by
AMPARs, but activation of NMDARs might enhance the
spontaneous CS firing activity of PCs.
The frequency of SS firing was unaffected by blocking
of GABAA receptors activity, but blockade CS activity with
NBQX induced an increase in SS firing rate to 132.4 ± 4.6%
of control (100 ± 4.2%; n = 6; P < 0.05 vs. control;
Figures 6A,C). Additional application of NMDA induced a
further increase in SS firing rate to 145.3 ± 6.2% of control
(100 ± 4.2%; n = 6; P < 0.05 vs. control; Figures 6A,C).
These results indicated that blockade CS activity increased
SS firing rate of PCs in cerebellar folium Vermis I-II,
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FIGURE 4 | N-methyl-D-aspartate receptor modulates the waveform of
CS-evoked AHP currents. (A) Upper, Representative traces showing the
spontaneous CS-evoked current waveforms of a PC in ACSF, NMDA (50 µM)
and washout. Lower shows the enlarged traces of AHP currents of upper
panel (quadrangle). (B,D) Bar graphs showing the normalized amplitude (B),
half-width (C), rise time (D), and decay time (E) of AHP in ACSF, NMDA and
washout. ∗P < 0.05; n = 8.
suggesting that CS activity modulated SS spike activity
in vivo in mice (Ebner and Bloedel, 1981; Ebner et al., 1983;
Barmack and Yakhnitsa, 2003; Cerminara and Rawson,
2004).
DISCUSSION
In the present study, we mainly found that extracellular
application of NMDA dose-dependently enhanced the strength of
spontaneous CS activity, whereas NMDA blocker attenuated the
strength of CS activity in vivo in mice. Our results indicated that
NMDA receptors of CF-PC synapses contributed to spontaneous
FIGURE 5 | Blockade of NMDA receptor attenuated the waveform of
spontaneous CS. (A) Upper, representative traces showing the spontaneous
SS and CS activities of a PC in ACSF, D-APV (250 µM) and washout. Lower,
the enlarged traces of CS of upper panel (arrows). (B) Bar graphs show the
normalized pause of SS in ACSF, D-APV and washout. (C) Summary of data
shows the effects of D-APV on the normalized number of CS spikelets.
(D) Pooled data showing the normalized AUC of CS in ACSF, D-APV and
washout. (E) Summary of data showing the normalized amplitude of AHP
potentials in ACSF, NMDA and washout. ∗P < 0.05; n = 6.
CS activity, suggesting that post-synaptic NMDA receptors
of CF-PC synapses play important roles in the regulation of
spontaneous CS activity in vivo in mice.
Properties of the Spontaneous CS
Discharge In vivo
Under in vivo conditions, CF discharge can control the frequency
and pattern of PC spike output by punctuating tonic activity with
a variable duration pauses, slow the frequency of SS discharge
(Ebner and Bloedel, 1981; Ebner et al., 1983; Barmack and
Yakhnitsa, 2003; Cerminara and Rawson, 2004; Loewenstein
et al., 2005). Removal of CF inputs uncovers an increase in SS
discharge rate or even a slow oscillatory pattern of background
and PC SS discharge that returns to tonic activity when CF
activity is reinstated (Colin et al., 1980; Montarolo et al., 1982;
Simpson et al., 1996; Cerminara and Rawson, 2004). The ability
for CF inputs to restore tonic discharge in vivo is considered
partly due to a block of the mechanisms that give rise to an
intrinsic trimodal pattern of PC output (McKay et al., 2007).
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FIGURE 6 | Blockade AMPARs abolished spontaneous CS firing and
NMDARs activity. (A) Representative traces showing the spontaneous SS
and CS (arrows) activities of a PC in ACSF, SR95531 (20 µM), SR95531
(20 µM) + NBQX (50 µM), SR95531 + NBQX + NMDA (50 µM) and washout.
(B,C) Bar graph shows the normalized frequency of CS (B) and frequency of
SS (C) in ACSF, SR95531, SR95531+ NBQX, SR95531 + NBQX + NMDA
and washout. ∗P < 0.05 vs. ACSF; #P < 0.05 vs. SR + NBQX. n = 6.
Therefore, CS is thought to represent a critical signal for
the operation of the cerebellar cortex, conveying both timing
information (Welsh and Llinás, 1996) and triggering synaptic
plasticity (Gilbert and Thach, 1977; Hansel et al., 2001; Ito, 2001).
The possible mechanisms underlying CFs activity are usually
investigated by simulation of CF to evoke a CS-like depolarization
under in vivo and in vitro conditions. However, the stimulation-
evoked CS-like depolarization could not fully replicate the actions
of a CS evoked by synaptic input under in vivo conditions
(Reynolds and Hartell, 2000). Electrical stimulation of CF evoked
CS followed by a slow after-depolarization (ADP) and an
AHP (Schmolesky et al., 2005), whereas the spontaneous CF
activity evoked CS followed by AHP in vivo in mice. Under
in vitro conditions, strong electrical stimulation of CFs afferents
induced ADP which has been considered to be mediated by
NMDARs (Piochon et al., 2007) or by metabotropic glutamate
receptors (Yuan et al., 2007). However, spontaneous activity of
CS in vivo could induce a brief depolarization of PCs, resulting
in rapid Ca2+–Na+ bursts and prolonged increases in Ca2+
concentrations (Miyakawa et al., 1992; Maeda et al., 1999). The
Ca2+ flowing into PCs triggers a net outward current through
Ca2+-dependent K+ currents, which exhibited AHP after CS
firing. The CS-evoked AHP has been assumed to be a key
effecter of the CF-evoked pause and the spike firing activity of
SS (Hounsgaard and Midtgaard, 1989).
NMDARs Contribute to Spontaneous CS
Discharge in Cerebellar PCs
N-methyl-D-aspartate receptors are widely expressed in the
central nervous system, playing critical roles in synaptic
transmission, synaptic plasticity and synaptogenesis (Dingledine
et al., 1999; Cull-Candy et al., 2001; Van Zundert et al., 2004).
Under in vitro conditions, it has been assumed that NMDARs
contribute less to CF stimulation evoked inward currents (Otis
et al., 1997; Auger and Attwell, 2000). Recently, however, it was
demonstrated that NMDARs contributed to the CF response
in vitro in mice (Piochon et al., 2007, 2010). In this study,
we showed that extracellular application of NMDA enhanced
the waveform of spontaneous CS-evoked inward currents,
which expressed increases in the AUC and spikelets of CS,
suggesting that NMDA enhanced CF-PC synaptic transmission
via activation of NMDARs at CF-PC synapses. Our results are
supported by several previous studies (Piochon et al., 2007,
2010; Renzi et al., 2007; Bidoret et al., 2009). First, NMDARs
contain NMDAR2A and/or NMDAR2-B subunits are indeed
post-synaptically expressed at CF-PC synapses in adult mice,
which contributed to the waveform of CS induced by the CF
stimulation in cerebellar slices (Piochon et al., 2007). Dendritic
patch-clamp recording showed that CR responses were reduced
by NMDARs blocker, D-APV (Piochon et al., 2010). Furthermore,
CF stimulation can evoke NMDARs-mediated EPSCs at CF-PC
synapses, which is mediated mainly by NMDAR2A-containing
receptors in adult NMDAR2D knockout mice (Renzi et al., 2007).
Moreover, functional NMDARs in PCs of 2–3-months-old rats
have also been demonstrated in CF-evoked EPSCs (Bidoret
et al., 2009). In addition, our data showed that application of
NMDARs antagonist attenuated the waveform of spontaneous
CS, which expressed decreases in the AUC and spkelet number of
the spontaneous CS, confirming that CF-PC synaptic NMDARs
contributed to the spontaneous CS spike firing in living mice.
In addition, our present results showed that activating and
blocking NMDARs modulated the pause of SS firing, suggesting
that PF-PC synaptic NMDARs contributed to SS output of PCs
via a post-synaptic mechanism. The CS-evoked AHP has been
assumed to be a key effecter of the CF-evoked pause and the
spike firing activity of SS (Hounsgaard and Midtgaard, 1989).
Our present results showed that NMDA significantly increasing
the amplitude, half-width and decay time of the spontaneous
CS-evoked AHP currents, whereas D-APV attenuated the
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amplitude of CS-evoked AHP currents. These results suggested
that CF-PC synaptic NMDARs contributed to SS output of PCs
via modulation of AHP activity under in vivo conditions. It has
been reported that CF stimulation evoked inward currents which
are mediated predominantly by AMPARs (Otis et al., 1997), and
the AMPA receptor antagonist, NBQX abolished the CS and
the its associated calcium transient in mouse cerebellar slices
(Yuan et al., 2007). Consistent with previous studies (Otis et al.,
1997; Yuan et al., 2007), our results showed that the spontaneous
CS firing was abolished by AMPARs antagonist, indicated that
the spontaneous activity of CSs was mediated predominantly
by AMPARs under physiological conditions. However, NMDA
could not reverse the CS activity in the presence of AMPARs
antagonist, suggesting that the spontaneous CSs firing-evoked
activity of NMDARs was dependent on the AMPARs activation. It
was demonstrates that the CS-induced depolarization is sufficient
to relieve the Mg2+ block of NMDA-Rs and to allow them
to be activated during the CS firing (Piochon et al., 2007). In
addition, stimulation CF evoked NMDA-mediated CF-EPSP in
absence of Mg2+ and AMPARs activity, which was completely
abolished by D-APV and Mg2+ in mouse cerebellar PCs in vitro
(Piochon et al., 2007). These results indicate that activation of
CF could evoke NMDA receptor-mediated currents in absence of
AMPARs activation, but NMDA receptors blocker, Mg2+ should
be removed. Collectively, our present results suggest that the
spontaneous activity of CF afferents induces glutamate release
into CF-PC synapses, which activates post-synaptic AMPARs and
resulting in a strong depolarization of post-synaptic membrane
(inward currents) in vivo in mice. This strong depolarization
removes NMDARs blocker, Mg2+, therefore, Ca2+ influx into PC
somas from NMDARs and induces an increase in intracellular
Ca2+ level (Miyakawa et al., 1992; Maeda et al., 1999). The
increase of Ca2+ concentration could further activate Ca2+-
dependent K+ currents, resulting in an enhance of AHP activity
and a increase in pause of SS firing (Hounsgaard and Midtgaard,
1989).
Physiological Significant of NMDARs
Activity in CF-PC Synapses
The predominantly studied form of cerebellar plasticity is long-
term depression (LTD) at PF to PC synapses, which results
from PF and CF co-activation and is assumed to mediate forms
of cerebellar motor learning (Ito et al., 1982; Ito, 2002). CF
activity provides widespread Ca2+ transients (Ross and Werman,
1987; Konnerth et al., 1992; Miyakawa et al., 1992), which
are required for PF-LTD induction (Sakurai, 1990; Konnerth
et al., 1992). In principle, CF-PC synaptic NMDARs could
mediate a phasic influx of Ca2+ with a spatiotemporal profile
potentially different from that of Ca2+ elevation associated with
CF-evoked CSs (Hartmann and Konnerth, 2005). Importantly,
probability of LTD and long-term potentiation (LTP) at PF
inputs is under control of the CF (Coesmans et al., 2004), which
itself undergoes Ca2+-dependent LTD (Hansel and Linden,
2000). NMDA receptors are post-synaptically expressed at CF-
PC synapses in young adult/adult mice (Piochon et al., 2007),
and are required for LTD induction after onset of expression
(Piochon et al., 2010). Single pulse stimulation of CF leads to
a large all-or-none response in the dendrite (Davie et al., 2008;
Ohtsuki et al., 2009), which is strong enough to activate NMDARs
signaling, and ultimately evokes a CS in PC somatic recordings
in vitro, and these effects are expected to favor Ca2+ entry in
the dendrites as well as their propagation (Schmolesky et al.,
2002). In addition, NMDA signaling may provide the calcium
transients that activate calcium-dependent SK2-type potassium
conductance that underlie the pause. Plasticity of these SK2
channels mediates plasticity of the pause itself (Grasselli et al.,
2016).
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